Macrophages express a receptor on the cell surface that functions to clear glycoproteins from the extracellular milieu. The activity of this receptor is sensitive to treatment with trypsin. In inflammatory situations, macrophages are activated and exposed to increased levels of extracellular proteases. Under these conditions, mannose receptor activity on the macrophages is diminished. We therefore decided to study the effects of trypsin treatment on the structure and activity of cell-associated and purified receptor that might contribute to the activation-associated receptor down-regulation. Trypsin treatment (1 ,tg/ml for 3 h) resulted in the production of a 140 kDa, trypsin-resistant fragment from both intact cells and isolated receptor. This fragment was no longer able to bind ligand. The remaining 35 kDa fragment apparently is further degraded into smaller fragments, since no evidence of this domain was found on Coomassie Blue-stained gels. The 140 kDa fragment retained immunoreactivity and contained at least a portion of the iodinated tyrosine residues following surface labelling with Na'25I. Neither calcium nor ligand protected the receptor from proteolysis. In addition, prior treatment with oxidants did not increase the susceptibility of the receptor to trypsin digestion. We conclude from these results that the macrophage mannose receptor is clipped by the serine protease trypsin at the cell surface, resulting in the release and further degradation of the binding domain, and the production of a membrane-associated 140 kDa fragment. This trypsin-mediated down-regulation of receptor activity might be important in controlling glycoprotein clearance during inflammation.
INTRODUCTION
Macrophages have on their surface an endocytic receptor that is involved in clearance of mannose-containing glycoproteins [1] .
This receptor binds ligand at the cell surface through a Ca2+_ dependent, trypsin-sensitive, process [2] . Receptor-ligand complexes are internalized and dissociate in an acidic endosomal compartment, and receptors recycle to the surface while ligands are delivered to lysosomes [3] . The mannose receptor has been isolated from rat [4] , rabbit [5] and human tissue [6, 71 , and is a 175-180 kDa membrane-associated glycoprotein. Very little is known about the structural domains involved in Ca2+ or ligand binding. In addition, it is not known how the receptor interacts with the membrane, or its orientation at the cell surface.
Expression of active receptors is highly sensitive to agents that modulate macrophage function. Glucocorticoids increase total mannose receptor activity, presumably through a direct effect on receptor biosynthesis [8, 9] . Neutrophil-derived oxidants rapidly and specifically down-regulate surface receptor activity by preventing the return of internalized receptors to the surface [10] . Macrophage-activating agents such as bacillus Calmette-Guerin [11, 12] , endotoxin and phorbol esters [13] down-regulate mannose receptor activity through an as yet unknown mechanism. Concomitant with macrophage activation, secretion of proteases by the macrophage is stimulated [14, 15] . Since mannose receptor activity is highly sensitive to proteolysis, we hypothesized that receptor inactivation during macrophage activation might be a direct result of receptor proteolysis.
In the present study, we report the effect of serine proteases on purified and cell-associated mannose receptor. We have defined a potential structural domain involved in ligand binding, and we speculate on the role of proteases in down-regulation of receptor expression during macrophage activation.
MATERIALS AND METHODS Materials
Horseradish peroxidase (HRP), lactoperoxidase, glucose oxidase, yeast mannan, trypsin (Type I from bovine pancreas), and Protein A-Sepharose were purchased from Sigma Chemical Co. (St. Louis, MO, U.S.A.). The mannose receptor was purified from human lung as described by Stephenson & Shepherd [7] . Mannan-2 (Mnn2) was a gift from Dr. Clinton Ballou (University of California, Berkeley, CA, U.S.A.), and was iodinated using chloramine-T [16] . Goat anti-rabbit IgG and its HRP conjugate, and the HRP colour development reagent, were purchased from Bio-Rad Laboratories (Richmond, CA, U.S.A.). Tissue culture media and antibiotics were purchased from Gibco (Grand Island, NY, U.S.A.), and fetal bovine serum was from Hyclone Laboratories (Logan, UT, U.S.A.). Carrier-free Na'251 was purchased from Amersham Corp. (Arlington Heights, IL, U.S.A.).
Preparation of macrophages
Rat bone marrow-derived macrophages were prepared as previously described [8] . Briefly, bone marrow cells were flushed from rat femurs with phosphate-buffered saline (PBS; 0.01 Msodium phosphate/0. 14 M-NaCI/0.5 mM-MgCl2/ 1 mM-KCl/ 1 mM-CaCI2 resuspended in 10 mM-Hepes, pH 7.4, containing 0.15 M-NaCl, and used immediately for surface labelling as described below.
Uptake of HRP by marrow-derived macrophages
Receptor activity was assayed by the ability of macrophages to internalize the mannose-containing protein HRP. Cells were seeded into 24-well plates at 5 x 105 cells per well, and allowed to adhere overnight. For measurement of uptake activity via the mannose receptor, HRP was added to the cells at 8 ,ug in 400 #1 of binding medium [Hanks' balanced salt solution (HBSS) plus 1 % BSA]. Non-specific uptake was determined in companion wells by the addition of mannan (1 mg/ml) plus HRP. Cells and ligand were incubated for 60 min at 37°C, and then washed twice with HBSS and solubilized in 250 ,ul of 0.1 % Triton X-100. Cell-associated HRP activity was measured as described by Rabinovitch et al. [17] as follows. Cell extract (50,l) was added to 0.9 ml of Phenol Red solution (5 mg/50 ml of PBS). H202 (5 ,u) was added to a final concentration of 50 um. The mixture was incubated at room temperature in the dark for 10 min. The reaction was stopped by addition of 10,u of 1 M-NaOH and the absorbance at 610 nm was measured. The protein concentration in the cell extracts (25 u1) was measured using the Bio-Rad dye method. Specific uptake is defined as the amount of HRP uptake normalized to cell protein minus the non-specific uptake in the presence of mannan.
Binding of '251-Mnn2 to the purified human mannose receptor Binding of Mnn2 to the purified receptor was measured as described by Townsend & Stahl [16] . Briefly, receptor (2 ,ug) was incubated with 201ul of Mnn2 (3 x 105 c.p.m./0.3 ,ug) at room temperature for 5 min in 50 mM-Tris buffer, pH 7.8, containing 6 mg of BSA/ml and 40 mM-CaCI2. Receptor-Mnn complexes were precipitated with 50% ammonium sulphate and collected on glass fibre filters. The radioactivity on the filters was quantified by gamma counting.
Surface iodination of human alveolar macrophages
Macrophages were suspended in 10 mM-Hepes buffer, pH 7.4, containing 0.15 M-NaCl, at 2 x 107 cells per ml. Glucose oxidase (3 units), lactoperoxidase (2 units), Nal'25I (I mCi) and glucose (10 mM) were added in that order, and the mixture was incubated on ice for 30 min. The cells were washed with Hepes/NaCl and resuspended in 3 ml of 25 mM-imidazole buffer, pH 7.5, containing 0.25 M-sucrose. The cells were homogenized, and a crude membrane fraction was collected by centrifugation as described previously [7] . The membranes were solubilized in immunoprecipitation buffer (IP buffer: 20 mM-Tris, pH 7.75, containing 1 % Triton X-100, 0.5 % deoxycholate, 0.15 M-NaC1 and 0.02 % NaN3).
Immunoprecipitation of the mannose receptor from macrophage membranes Aliquots (100,ul) of 125I-labelled membranes were diluted with 900 #u1 of IP buffer. Protein A-Sepharose (50,1u of a 10% suspension) was added, and the mixture was incubated for 30 min at room temperature. The supernatant was collected after centrifugation, and rabbit antiserum raised against the purified human receptor or preimmune serum was added for overnight incubation at 4 'C. Protein A-Sepharose was added and the pellet was collected after incubation for 30 min. The pellet was washed three times in IP buffer, then analysed by SDS/PAGE. The gel was stained with Coomassie Brilliant Blue, destained and sealed in plastic. The labelled bands were visualized by overnight exposure of Kodak film X-OMAT AR.
Immunoblot analysis
Samples were electrophoresed under reducing conditions on SDS 7.5 %-polyacrylamide gels. Proteins were electrophoretically transferred to nitrocellulose in transfer buffer (9.7 g of Tris base, 45 g of glycine and 800 ml of methanol in 4000 ml total volume). Transfer was complete after 18 h at 60 V. The nitrocellulose paper was washed and then incubated overnight with a 1:100 dilution of human receptor antiserum. After extensive washing, HRP-conjugated goat anti-(rabbit IgG) was added, and the paper was incubated for 2 h at room temperature. The paper was ' washed and the reactive bands were visualized using 4-chloronaphthol.
RESULTS
Inactivation of the macrophage mannose receptor by limited trypsin digestion: concentration and time dependence Mannose receptor activity on rat alveolar macrophages is highly sensitive to trypsin treatment. Stahl et al. [2] reported that 0.01 00 trypsin treatment for 30 min at 37°C resulted in loss of > 80 00 of receptor activity. In the present report, we show that the mannose receptor on rat bone marrow-derived macrophages was similarly down-regulated by trypsin (Fig. la, *) , with less than 10 0/ of control activity remaining after incubation of macrophages with 10 lg of trypsin/ml for 3 h at 37 'C. The loss of activity was time-dependent, with 50 % of activity lost by 1.5 h (Fig. 1 b) . This treatment did not damage the cells, as determined by Trypan Blue exclusion and by the ability of the cells to recover receptor activity by incubation at 37 'C in the absence of trypsin.
Inactivation of purified human mannose receptor by limited trypsin digestion
The mannose receptor has been purified from human lung tissue by affinity chromatography [7] . The receptor has a molecular mass of 175 kDa, and antibodies raised against this protein react specifically with a 175 kDa protein on human macrophages. The isolated receptor was treated with trypsin as above for the intact cells (Fig. la, 0) . The isolated receptor lost binding activity in a manner similar to that of the cell surface receptor. Treatment of approx. 2,ug of receptor with 10 ,tg of trypsin/ml for 3 h at 37°C reduced binding activity to less than 10 % of the control.
Tryptic cleavage of the purified human mannose receptor: analysis of products by SDS/PAGE Purified human receptor was treated for various periods of time with 1 ,ug of trypsin/ml at 37°C, and the resulting products were analysed by SDS/PAGE. The only protein bands that were visible by either Coomassie Brilliant Blue staining (Fig. 2a) or silver staining (results not shown) were the intact receptor (175 kDa) and a 140 kDa fragment that began to appear by 30 min. As shown in Fig. 2(b) , by 30 min approx. 20 % of the intact receptor had been converted into the 140 kDa fragment. By 3 h only a small fraction (approx. 15 %) of the native protein remained. The square in Fig. 2(b) at 180 min represents the remaining ligand-binding activity. Fig. 2(c) Fig. 3 . SDS/PAGE analysis of the immunoprecipitated products from surface-labelled human alveolar macrophages after treatment with trypsin Human alveolar macrophages (2 x I07 cells) were iodinated as described in the Materials and methods section. A crude membrane fraction was prepared and solubilized in IP buffer (20 mM-Tris, pH 7.75, 1 % Triton X-100, 0.5% deoxycholate, 0.15 M-NaCl and 0.02 % NaN3). One-half of the membrane fraction was incubated with trypsin (10 jug/ml) for 3 h at 37°C (lane B), and the other half remained untreated (lane A). Both samples were then subjected to immunoprecipitation as described in the Materials and methods section. The resulting immunoprecipitates were boiled in sample buffer and run on SDS/7.5 %-acrylamide. The resulting bands were visualized by exposure of Kodak X-OMAT AR film.
Vol. 270 treated or not with trypsin (10 ,ug/ml) for 3 h. The receptor and receptor fragments were immunoprecipitated with polyclonal anti-(mannose receptor) antibodies, and the immunoprecipitate was analysed on SDS/polyacrylamide gels (Fig. 3) . A 175 kDa receptor was immunoprecipitated from untreated cells (Fig. 3,  lane A) , whereas cells treated with trypsin showed the presence of a major band at 140 kDa (Fig. 3, lane B) [18] and Turkewitz et al. [20] have shown that the binding domains of the transferrin receptor and the chicken hepatic lectin are stabilized in the presence of ligand. Fig. 4 shows the effects of 10 Trypsin was then added at the indicated concentrations (0, 0.1 ,Ig/ml and 1.0 jug/ml), and the reaction was continued for an additional 30 min. The reaction was stopped by the addition of sample buffer, and the samples were analysed by SDS/PAGE on 7.5% polyacrylamide gels.
Effect of other serine proteases on the mannose receptor Activation of macrophages in vivo or in vitro results in downregulation of receptor activity [11] [12] [13] . One consequence of this activation is the increased secretion of plasminogen activator into the extracellular space [14] . Remold [22] have shown that plasmin cleaves a 160 kDa protein on the surface of guinea pig macrophages to a 130 kDa fragment. In addition, plasminogen activator in the presence ofplasminogen has been shown to down-regulate other plasma membrane receptors [23, 24] . We treated macrophages and purified mannose receptor with plasmin levels up to 200 ,ug/ml, and looked for subsequent down-regulation of activity and formation of the 140 kDa fragment. No decrease in receptor activity was observed, and no change in mobility of the 180 kDa receptor on SDS gels was found (results not shown).
DISCUSSION
We have previously shown that the macrophage mannose receptor is down-regulated following treatment in vitro with oxidants [10] or agents that activate macrophages [13] . In this study we have investigated the structural properties of the isolated and cell surface mannose receptor that may contribute to production of an inactive receptor. The rabbit alveolar macrophage surface receptor is highly susceptible to trypsin, as reported by Stahl et al. [2] . We demonstrate in this paper that receptor inactivation in rat bone marrow-derived macrophages and human alveolar macrophages is accompanied by production of a large-molecular-mass fragment (140 kDa) that remains associated with the plasma membrane. This fragment is recognized by a polyclonal antibody both by immunoprecipitation of surface labelled receptor (Fig. 3) and by immunoblotting of isolated receptor following treatment with trypsin (Fig. 2c) [20] demonstrated that trypsin cleaved the transferrin receptor at arginine-121 on the extracellular side, releasing an active 70 kDa monomer into the medium. Goldstein & Brown [25] reported that treatment of the low-density lipoprotein receptor with thrombin, another serine protease, resulted in the release of an active soluble binding domain. Westcott et al. [26] reported that protease-resistant fragments could be produced by trypsin treatment of the purified mannose 6-phosphate receptor. They concluded from these studies that the receptor contained several discrete functional domains. Finally, Lipson et al. [27] have shown that ligand binding to the insulin receptor promotes proteolysis of the a-subunit of the receptor, producing a large 120 kDa fragment. The enzyme in this case is plasma membrane-associated, and apparently proteolysis leads to internalization and intralysosomal degradation of the clipped receptor.
Our results in this study suggest that the binding domain of the mannose receptor is proteolytically clipped and degraded extracellularly, whereas the 140 kDa membrane-associated fragment undergoes degradation within the cell. Lipson et al. [27] have shown that following the proteolytic cleavage, degraded insulin receptors are sorted from intact receptors, and are unable to recycle. From preliminary studies, we have found that the membrane-associated 140 kDa fragment of the mannose receptor is lost rapidly from the surface (V. Shepherd, unpublished work). It is interesting to speculate that proteolysis might be a signal to the cell to rapidly internalize the 'damaged' receptors, and to direct them to lysosomes for degradation.
We have recently demonstrated that oxidants rapidly cause internalization of the mannose receptor, and prevent recycling [10] . Other workers have demonstrated that direct oxidation of proteins increases their susceptibility to attack by proteolysis [21] . However, we have shown in the present report that prior treatment with H202 does not increase the sensitivity of the mannose receptor to trypsin. In support of the view that the receptor is not directly oxidized is the observation that ligand binding by the isolated receptor is unaffected by treatment with high (5 mM) concentrations of H202 (results not shown).
Several known proteolytic systems could be involved in regulation of cell surface proteins. One likely candidate for down-regulation of receptor activity is plasmin, generated locally by activation of plasminogen. The secretion of plasminogen activator increases on treatment of macrophages with activating agents, a condition where mannose receptors are down-regulated [11, 14] . Recently Stephens et al. [28] [23] and the epidermal growth factor receptor [24] . Although we found no effect of plasmin on the mannose receptor, it is possible that our conditions were not optimal for testing its activity. Furthermore, stimulated neutrophils secrete a variety of neutral proteases, including the serine proteases elastase [29] and proteinase III [30] , that might act on neighbouring cells such as macrophages at sites of inflammation.
FinaIly, cell surface proteases might regulate surface proteins, such as has been described for the insulin receptor [27] .
We have previously shown that retinal pigmented epithelial cells express the mannose receptor on their apical surface [31] . Colley et al. [32] [10] , and can now expand that scenario by the inclusion of proteases. The influx of neutrophils during the initial acute phase ofinflammation might down-regulate mannose receptors on resident macrophages through an oxidant-mediated process [10] . This would eliminate the mechanism for removing extracellular enzymes, and allow inflammation to proceed. Oxidant production is short-lived, and the resident macrophages could potentially synthesize new mannose receptors. For longer down-regulatory control, proteases from stimulated neutrophils or activated macrophages might cleave surface receptors, and allow the negative control of receptor expression to continue. Finally, at 72 h, when monocytes begin to move into the area and differentiate, new mannose receptor expression occurs [33] . By this time, oxidants and proteases are inactive, and mannose receptors can begin to clear the enzymes and debris.
